The involvement of Peach latent mosaic viroid (PLMVd) in an extensive chlorosis of peach known as calico (PC) has been advanced but ultimate proof is lacking. Sequencing of 16 full-length PLMVd cDNA clones of a PC isolate revealed two groups of variants. Nine had a size (336 -338 nt) similar to that of typical PLMVd variants of nonsymptomatic and mosaic-inducing isolates, whereas the other 7 were longer (348 -351 nt) due to an insertion of 12-13 nt. This insertion was always found in the hairpin loop capping the hammerhead arm, had a limited sequence variability, and folded itself into a hairpin. When three PLMVd dimeric transcripts, two with and the other without the insertion, were slash-inoculated on GF-305 peach seedlings, PC symptoms were produced exclusively by the RNAs containing the insertion, which was conserved in the progeny. These data demonstrate that the agent of PC is PLMVd. Direct support that the 12-to 13-nt insertion contains the PC pathogenicity determinant was obtained by its removal through site-directed mutagenesis from one of the PC-inducing variants. Inoculations with dimeric transcripts of the resulting variant showed that it could replicate but without eliciting symptoms. Our results also suggest that the insertion emerges sporadically de novo.
Introduction
One of the most intriguing aspects of viroids is how these small (246 -401 nt), circular, single-stranded RNAs without any apparent coding capacity (Flores et al., 2000a) are able to elicit pathogenic effects in certain plant hosts. The underlying mechanisms must be necessarily diverse considering that some viroids like Potato spindle tuber viroid (PSTVd) (Diener, 1972; Gross et al., 1978) , the type species of family Pospiviroidae, replicate and accumulate in the nucleus (Diener, 1971; Spiesmacher et al., 1983; Harders et al., 1989; Woo et al., 1999) , whereas others, like Avocado sunblotch viroid (ASBVd) (Symons, 1981; Hutchins et al., 1986) , the type species of family Avsunviroidae, replicate and accumulate in the chloroplast (Bonfiglioli et al., 1994; Lima et al., 1994; Navarro et al., 1999) . The available evidence indicates that the other members of both families behave in this respect as their corresponding type species. Specifically, this is the case within family Avsunviroidae of Peach latent mosaic viroid (PLMVd) (Hernández and Flores, 1992) , the causal agent of peach latent mosaic (PLM) disease, which is located in the chloroplast where it replicates (Bussière et al., 1999) . Members of the two viroid families, besides having distinct sites of replication and accumulation, differ in other properties (Flores et al., 2000a) . Species in family Pospiviroidae have conserved sequence motifs, particularly a central conserved region (CCR), and replicate through an asymmetric rolling-circle mechanism without the involvement of hammerhead ribozymes. By contrast, species of family Avsunviroidae do not have a CCR and replicate through a symmetric rollingcircle mechanism in which the oligomeric strands of both polarities self-cleave via hammerhead ribozymes.
The onset of the specific symptoms accompanying viroid infection results from a complex interplay between the viroid RNA itself, or some of its replicative intermediates, and host components, the nature of which remains unknown. A first step in unraveling this intricate network of interactions is the identification of changes in the viroid molecule associated with modification of symptoms. Within family Pospiviroidae, mutations of 3-4 nt associated with important pathogenic effects in the experimental host tomato have been mapped in PSTVd and in the closely related Citrus exocortis viroid (CEVd) at similar domains of their rod-like structures (Gross et al., 1981; Visvader and Symons, 1986) , although more recent data indicate the involvement of additional domains in symptom expression (Sano et al., 1992) . From comparisons of the most stable secondary structure of PSTVd variants of different pathogenicity and considerations about bending of RNA helices, major differences in the conformation of the regions harboring the pathogenicity-associated mutations and concomitant alterations in RNA-protein interactions have been advanced as the primary cause of viroid pathogenicity (Owens et al., 1996; Schmitz and Riesner, 1998) . In Hop stunt viroid, pathogenicity in the woody indicator Parson's special mandarin (Citrus reticulata Blanco) and in an herbaceous experimental host (Luffa aegyptiaca Mill.) is also regulated by six site-specific changes in another domain of the rod-like structure (Reanwarakorn and Semancik, 1998) . Similar analyses in family Avsunviroidae, which besides ASBVd and PLMVd includes Chrysanthemum chlorotic mottle viroid (CChMVd) (Navarro and Flores, 1997) , have been performed in their natural hosts due to the restricted host range of members of this family (Flores et al., 2000b) . In CChMVd, a tetraloop change within the in vivo branched RNA conformation has been mapped as the major determinant of pathogenicity (De la Peña et al., 1999; De la Peña and Flores, 2002) . Work with ASBVd has been hampered by the long intervening time between inoculation and symptom expression (which can take more than 1 year), but discrete variants with an enlarged poly-A right terminal loop of the rod-like structure have been isolated from tissue displaying the so-called bleaching condition, an intense chlorosis . More recent data suggest that insertion of a U between positions 115 and 118, located in the ASBVd right terminal loop, is responsible for the bleaching condition (Schnell et al., 2002) . However, the inherent difficulties associated with bioassays in avocado have so far precluded testing these proposals directly. PLM disease, first described some 25 years ago (Desvignes, 1976) , has been related to peach calico (PC) (Blodgett, 1944) , which is characterized by an extreme chlorosis covering most of the leaf area, and to peach blotch (PB) (Willison, 1946) , known in the United States for more than 50 years, as well as to peach yellow mosaic (PYM) reported from Japan (Kishi et al., 1973) . These diseases have common traits that include similar symptoms, peach as the principal natural host (with unsuccessful transmission attempts to herbaceous plants), cross-protection between strains of different severity, and a relatively high heat resistance (Desvignes, 1986; Flores et al., 2000b) . Cloning of PLMVd (Hernández and Flores, 1992) , led to the development of cRNA probes which in hybridizations showed signals with Japanese peach cultivars displaying the characteristic PYM symptoms (Ambrós et al., 1995) , thus providing further evidence for PYM being caused by PLMVd. By contrast, assessing a direct involvement of PLMVd in PB and, particularly, PC etiology has not been possible because the typical isolates initially described are no longer available. It should be also noted that under field conditions most PLMVd infections do not induce symptoms in the leaves (the term latent in the name of the viroid refers to this property) and, when symptoms are shown, they are generally unstable and revert frequently to a latent phenotype. In the greenhouse, PLMVd natural isolates are divided into severe or latent strains depending on whether they induce leaf symptoms in seedlings of the peach indicator GF-305 (Desvignes, 1976) . Therefore, PLMVd is able to replicate either symptomlessly or to induce a broad variety of symptoms, prominent among which are, presumably, those typical of PC.
To gain insight into the molecular basis of the different phenotypic effects observed following PLMVd infection, 29 sequence variants from three viroid isolates, one severe (inducing a characteristic mosaic) and two latent in GF-305, were previously characterized (Ambrós et al., 1998) . Analysis of the primary structure of these variants revealed a high number of polymorphic positions in the viroid RNA, and bioassays on GF-305 peach seedlings showed that the biological properties of the PLMVd isolates may be correlated with both the complexity of their populations and the presence of specific sequence variants, although mapping the pathogenicity determinant(s) of the severe isolate was not possible at this stage due to the high variability observed (Ambrós et al., 1998) .
Over the past few years, a survey in Campania (Southern Italy) aimed at exploring the occurrence and spread of PLMVd led to the identification of trees exhibiting typical PC symptoms in a commercial peach orchard of a local cultivar (Di Serio and Ragozzino, 1996) . We reasoned that this very severe symptomatology could result from specific changes in the viroid molecule and that by characterizing a certain number of sequence variants of this isolate we might ultimately identify the pathogenicity determinant of PC. Here we present the results of our study that provide direct evidence that PC is indeed incited by PLMVd and, more specifically, by variants containing a characteristic insertion in one loop of the viroid RNA that seems to appear sporadically de novo.
Results

Symptom characteristics of the peach calico (PC) isolate
The PC symptomatology was observed in peach trees of the local cultivar "Bellela di Melito" which has been grown for many years in Campania. Some of the foliage showed a characteristic yellow-creamy mosaic which, in the most dramatic instances, turned into large white patches covering most of the leaf blade (Fig. 1A) . The lack of green pigmentation was also seen in young stems and fruits ( Fig. 1B and  C) . The symptomatology reappeared consistently in the same orchard over the past few years, indicating a high stability. This is not the common situation for other PLMVd-induced symptoms (e.g., typical mosaic), which with time tend to evolve into a symptomless condition. When material exhibiting PC was grafted onto GF-305 peach seedlings grown in a screenhouse, comparable symptomatology developed 2-3 months later, which was stable and reappeared in the new vegetative seasons.
Presence of two PLMVd RNAs with distinct electrophoretic mobility in the PC isolate
Analysis by two consecutive polyacrylamide gel electrophoreses (PAGE), under nondenaturing and denaturing conditions, respectively (Flores et al., 1985) , revealed the presence in RNA preparations from leaves exhibiting typical PC symptoms, but not in healthy controls, of two bands migrating in the vicinity of the circular forms of CEVd used as standard ( Fig. 2A) . The mobility of the two closely migrating bands was within the limits expected for circular PLMVd forms (Flores et al., 1990; Hernández and Flores, 1992) and, consequently, one or both could represent genuine viroid molecules. Northern-blot hybridization analysis with a PLMVd-specific riboprobe showed signals in the positions corresponding to the two bands (Fig. 2B) , thus indicating the existence in this PC isolate of two populations of PLMVd molecules of apparently different size. This was rather unexpected because most PLMVd variants have a uniform size between 335 and 339 nt (Hernández and Flores, 1992; Ambrós et al., 1998 Ambrós et al., , 1999 Pelchat et al., 2000) and therefore migrate as a single band. However, the possibility of two stable conformations of one or more RNAs of similar size being the cause of the two observed PLMVd bands could not be dismissed at this stage.
Association of PLMVd sequence variants having a characteristic 12-to 13-nt insertion with the PC symptomatology
To confirm that the distinct electrophoretic mobilities of the two PLMVd-specific bands were indeed reflecting differences in size, the corresponding circular RNAs were eluted from the denaturing gel (without attempting to separate one from the other), reverse transcribed, PCR amplified, and cloned. Sequencing of 16 complete cDNA clones revealed that 9 variants had sizes of 336 -338 nt, similar to that of typical PLMVd variants previously characterized in nonsymptomatic and mosaic-inducing isolates (Hernández and Flores, 1992; Ambrós et al., 1998) , whereas the size of the other 7 variants was 348 -351 nt because of a 12-to 13-nt insertion (Fig. 3) . The inserted fragment was in all cases found in loop A containing positions 1 and 337 of the reference variant (Hernández and Flores, 1992; Ambrós et al., 1998) and presented limited sequence variability (Figs.  3 and 4) . Some point mutations were also observed in other regions of the molecule (Fig. 3) . (Hernández and Flores, 1992; Ambrós et al., 1998 ) is shown at the top for comparative purposes. Dots and dashes indicate nucleotide identity and gaps with respect to the reference sequence, and asterisks denote the absence of the 12-to 13-nt insertion in some of the variants. Regions involved in the formation of plus and minus hammerhead structures are flanked by flags, the conserved nucleotides present in most natural hammerhead structures are indicated within boxes, and the self-cleavage sites are shown by arrows; white and gray backgrounds refer to plus and minus polarities, respectively. Primers RF-43 and RF-44 used for RT-PCR amplification cover positions 177 to 224.
Neither the 12-to 13-nt insertion nor the other point mutations affected the global secondary structure of the RNA of the corresponding variants with respect to other PLMVd variants characterized previously (Fig. 4) (Hernán-dez and Flores, 1992; Ambrós et al., 1998; Pelchat et al., 2000) . The point mutations did not alter the thermodynamic stability of the hammerhead ribozymes that mediate the self-cleavage steps of the replication cycle of PLMVd, either because these changes were located in the loops of the hammerhead structures or because, when located in the stems, they were covariations or compensatory mutations. It is interesting to note that most of these changes mapped at the minus hammerhead structure, particularly in the stem II-loop 2 domain (Fig. 5) . The deletion in some of the variants of the nucleotide residue located 3Ј to the selfcleavage site of the plus polarity hammerhead structure (Figs. 3 and 5) has been observed previously in variants from other PLMVd isolates and interpreted as an artifact introduced by reverse transcriptase (Ambrós et al., 1998 (Ambrós et al., , 1999 . The G3 C substitution in the conserved CUGA motif of the plus hammerhead structure of one variant and the duplication of the C located 3Ј to the self-cleavage site of the plus hammerhead structure of another are most likely also artifacts of reverse transcription or amplification because self-cleavage of the corresponding RNAs during in vitro transcription was very much reduced (data not shown), Fig. 4 . Primary and predicted secondary structure of lowest free energy of the reference variant of PLMVd RNA (Hernández and Flores, 1992; Ambrós et al., 1998) . Plus and minus self-cleaving domains are delimited by flags, residues conserved in most natural hammerhead structures are indicated by bars, and the self-cleavage sites are indicated by arrows. Solid and open symbols refer to plus and minus polarities, respectively. Residues involved in a pseudoknot between positions 178 -181 and 211-214, proposed on the basis of in vitro mapping assays with nucleases (Bussière et al., 2000) , are indicated by broken lines. (Upper inset) Schematic representation of the secondary structure proposed for the PLMVd reference variant. In some PC-PLMVd variants, a 12-to 13-nt fragment is inserted in loop A between positions 1 and 337 of the reference variant. (Lower inset) Sequence alignment of the insertions found in different variants of the PC isolate. Conserved and nonconserved nucleotides are in boldface and plain characters, respectively, with those forming the stem of the hairpin underlined. Dashes denote gaps, and numbers in brackets refer to independent clones containing each insertion. * and #, the insertion of variants PC-C40 and PC-C28, respectively, used in the bioassays (see text). The predicted hairpin formed by the 12-to 13-nt insertions is shown on the right, with insertions and substitutions indicated by single-and double-headed arrows, respectively. R denotes A or G.
in agreement with previous results indicating that mutations at these residues abolish the catalytic activity (Ruffner et al., 1990; Sheldon and Symons, 1989) . The 12-to 13-nt insertion itself folded into a hairpin with a loop of 4 -5 nt capping a stem of four base pairs (Fig. 4) . If the residues immediately adjacent to the insertion are considered, the stem is of six base pairs in four of the six variants.
Slash inoculation of GF-305 peach seedlings with in vitro synthesized transcripts from recombinant plasmids with two dimeric head-to-tail PLMVd cDNAs containing the 12-to 13-nt insertion (PC-C28 and PC-C40, Peach Calico Campania variants 28 and 40, respectively, which lack the deleterious mutations described in the previous paragraph) induced PC symptoms in 2/8 and 4/8 plants, respectively. Dot-blot hybridization confirmed that symptomatic plants were PLMVd-infected, whereas no hybridization signal was observed in the nonsymptomatic plants (data not shown), indicating that they had escaped from the infection. By contrast, parallel mechanical inoculations with in vitro synthesized transcripts from a recombinant plasmid with a dimeric head-to-tail PLMVd cDNA without the 12-to 13-nt insertion (PC-C31) elicited infection of 3/8 plants (as revealed by dot-blot hybridization) which, interestingly, did not express any visible symptoms. The intensity of the hybridization signals was similar in samples from plants infected with the three transcripts (data not shown), indicating that the symptoms were not the consequence of different viroid accumulation levels. Altogether, these results demonstrated that the agent of PC is PLMVd and strongly suggested that the 12-to 13-nt insertion contains the corresponding pathogenicity determinant.
Causal role in PC symptomatology of the 12-to 13-nt insertion and genetic stability thereof
To further corroborate the role of the 12-to 13-nt insertion in inducing PC, this insertion was removed from variant PC-C40 by site-directed mutagenesis to give rise to variant PC-C40⌬. In vitro synthesized transcripts from plasmids containing dimeric PLMVd cDNA inserts corresponding to variants PC-C40 and PC-C40⌬, which have identical sequences except for the presence or the absence of 11 of the 12 nt that form the insertion, respectively, were slash-inoculated into GF-305 peach seedlings. Dot-blot hybridization revealed that both transcripts were infectious (5/6 and 6/6 plants for PC-C40 and PC-C40⌬, respectively) (data not shown), but PC symptoms on leaves and stems developed only in the plants infected with variant PC-C40 containing the insertion (except for one case; see below). These results demonstrate that the insertion present in PC-C40 variant (and most likely the slightly different insertion present in PC-C28 variant) contains the PC determinant of pathogenicity.
To assess whether PC symptoms and the 12-to 13-nt insertion remained stable, PC-C40-inoculated GF-305 plants were grown in a screenhouse for approximately 10 months after inoculation. Along this time, PC symptoms were stable and reappeared in new flushes of vegetation. Furthermore, transmission experiments performed by inserting pieces of tissue showing PC symptoms into new GF-305 seedlings elicited the development of the same symptoms. RT-PCR amplification, cloning, and sequencing of seven variants of the progeny from one of the symptomatic plants infected with the PC-C40 variant showed that the insertion and its sequence were preserved in all except in two of them, in which a G3 A change was observed affecting the third position of the insertion of the parental PC-C40 variant. This substitution is consistent with the hairpin folding proposed for the 12-to 13-nt insertion (Fig.  4) , because a G:U pair is converted into an A:U pair. Some point mutations with respect to the parental PC-C40 variant were also observed in other regions of the molecule, but the global branched secondary structure and the thermodynamic stability of the hammerhead ribozymes were preserved (data not shown). . PLMVd plus and minus hammerhead structures. Mutations found in variants from the PC isolate, with respect to the reference variant, are within circles and occur in such a way that the thermodynamic stability of the helices is preserved. The deletion or duplication of the C located 3Ј to the self-cleavage site of the plus hammerhead structure of some variants, and the G3 C substitution in the conserved CUGA motif of the plus hammerhead structure of variant PC-C30, are most likely artifactual. Arrows indicate self-cleavage sites. The 13 nucleotide residues conserved in most natural hammerhead structures are boxed. The same numberings are used for the plus and minus polarities and correspond to those of the alignment shown in Fig. 3 .
De novo emergence of the insertion causing the PC symptomatology
Although in a first examination 6 weeks after inoculation none of the GF-305 plants inoculated with the PC-C40⌬ variant displayed PC symptoms, these symptoms were observed in one of the plants in the flushes emerging after chilling for 8 weeks at 4°C in the dark. This provided an additional opportunity to test the cause-effect relationship between the 12-to 13-nt insertion and PC symptomatology. Sequencing of five full-length PLMVd cDNA clones obtained by RT-PCR from this plant showed that all contained the insertion, without any change with respect to the parental PC-C40 variant in three of the clones and with minor changes in the two other clones (three and one substitutions, respectively, data not shown) that, again, were consistent with the hairpin folding proposed for the 12-to 13-nt insertion (Fig. 4) . These results suggest that the PC-causing insertion emerges sporadically de novo.
Discussion
In the present work we have addressed two issues: (1) establishing a direct link between PLMVd and PC and (2) characterizing the pathogenicity determinant responsible for this severe symptomatology. Both questions were in principle experimentally amenable because the peach indicator GF-305 can be mechanically inoculated with in vitro synthesized transcripts from specific PLMVd cDNAs and expresses symptoms in a relatively short time (2-3 months) (Ambrós et al., 1998) . Our results show that the PC isolate from Campania, in addition to the typical 336-to 338-nt variants previously identified in other PLMVd isolates, contains a different class of variants of 348 -351 nt because of a 12-to 13-nt insertion always found in the hairpin loop capping the hammerhead arm (Hernández and Flores, 1992; Ambrós et al., 1998) . Bioassays on GF-305 peach seedlings with three PLMVd dimeric transcripts, two with and the other without the 12-to 13-nt insertion, showed that PC symptoms were only caused by the variants with the insertion which, moreover, was preserved in the resulting progeny.
These data demonstrated that PLMVd is the causal agent of PC and strongly suggested that only those variants containing the 12-to 13-nt insertion were able to incite this specific symptomatology. However, we could not exclude at this stage that other regions of the viroid molecule might also be involved because the three bioassayed variants, in addition to having or not having the insertion, differed in several point mutations. Definitive evidence for a causeeffect relationship between the 12-to 13-nt insertion and PC was obtained by analyzing the phenotype of one of the PC-inducing variants in which the insertion was removed: the deleted variant was able to replicate without inciting symptoms. Therefore, the situation in PLMVd differs from that observed in other viroids in which pathogenicity changes have been associated with substitutions or insertions/deletions of a more reduced number of nucleotides. However, it remains to be determined whether the whole 12-to 13-nt insertion, or a minor portion thereof, is needed for inducing PC. It is possible that the 12-to 13-nt insertion may have to fulfill a structural requirement, specifically forming a hairpin, in order to be preserved. This view is supported by the sequence heterogeneity pattern found in the insertion, which is consistent with the existence of a hairpin with a four-to six-base-pair stem capped by a 4-to 5-nt loop.
These results raise additional intriguing questions and have further implications. The first question pertains to the origin of the 12-to 13-nt insertion. Our observations suggest that it emerges sporadically de novo, although more data are needed to confirm this hypothesis. Therefore, PC-inducing variants seem to derive by incorporating a defined hairpin into a characteristic loop of typical PLMVd variants as those found in mosaic and latent isolates; the alternative possibility, that typical PLMVd variants emerge by deletion of a fragment of PC-inducing variants, appears less tenable. This is consistent with PC isolates being reported with a considerably lower frequency than mosaic and latent isolates. A second set of questions refers to the underlying mechanism. Does the involved RNA-dependent RNA polymerase add the 12-to 13-nt insertion in a nontemplated manner? Does the polymerase with the attached nascent 3Ј-end jump to a different template, transcribe a portion of it, and then return to a PLMVd template to resume elongation in the position next to that corresponding to the first jump? In any case, what forces the interruption of the RNA elongation that ultimately leads to the 12-to 13-nt insertion? Naturally occurring variants with insertions have been previously described in Coconut cadang-cadang viroid (Haseloff et al., 1982) and CEVd , but in both cases the insertions are duplicated sequences of the right terminal domain, which appears to contain a preferred site for RNA recombination.
The present results also entail three further implications. First, on the basis of the existence of covariations and compensatory mutations, the loop in which the 12-to 13-nt insertion is found (loop A) has been proposed to form a pseudoknot interaction with another loop (loop B) (Ambrós et al., 1998) . On the same basis, this interaction is still potentially possible in PLMVd variants with the 12-to 13-nt insertion (Malfitano, 2000) . However, in vitro chemical and enzymatic probing of a typical PLMVd variant (without the 12-to 13-nt insertion) has failed to detect this pseudoknot interaction (although the possibility exists that it may be stabilized in vivo by host proteins), but has revealed an alternative one between residues GCGG and CCGC (Fig. 4 , positions 178 -181 and 211-214, respectively) (Bussière et al., 2000) . Second, from the characterization of subgenomic PLMVd RNAs isolated from infected tissue and from in vitro transcription studies using Escherichia coli RNA poly-merase and several PLMVd RNAs (without the 12-to 13-nt insertion) as template, it has been advanced that the initiation site of both polarity strands of PLMVd occurs in loop A, which has to fulfill some size and sequence requirements (Pelchat et al., 2001 (Pelchat et al., , 2002 . The 12-to 13-nt insertion observed in the PC-inducing variants introduces an important modification in loop A, pointing out that additional studies are needed to establish that the proposed PLMVd initiation sites in vitro reflect the situation occurring in vivo. And third, it is possible that other PLMVd pathogenicity determinants, as those responsible for the mosaic or latent phenotypes, may also reside in loop A. The sequence variability found in this loop in a set of PLMVd variants, together with the phenotypes that they induce in GF-305 peach seedlings, are consistent with this view (Ambrós et al., 1998) , although further site-directed mutagenesis and bioassays are required to confirm it.
Finally, one last point worth considering is the remarkable symptom similarity existing between the bleaching condition associated with some ASBVd variants in avocado and the calico condition induced by some PLMVd variants in peach (this work). The very different molecular properties of both viroids (including nucleotide composition, sequence and conformation) suggest that the bleaching and calico conditions, despite their similarity, result most likely from interactions of ASBVd and PLMVd with distinct chloroplastic components, thus illustrating the point that similar phenotypic effects can be triggered by different molecular interactions.
Materials and methods
Plant material and bioassays
Leaves were collected in spring in Campania from field peach trees (Prunus persica, Batsch) of the local cultivar "Bellela di Melito" showing typical PC symptoms in young leaves, stems, and fruits. PLMVd, the PC causal agent, was propagated by implanting pieces of symptomatic tissue in seedlings of the peach indicator GF-305 grown in the greenhouse. For comparative purposes, asymptomatic leaves were also collected from peach trees of the cultivar Springcrest infected by a typical latent isolate of PLMVd.
RNA analysis by PAGE and molecular hybridization
Total RNA preparations were obtained with phenol-saturated buffer and fractionated by chromatography on nonionic cellulose (CF11, Whatman) (Hernández and Flores, 1992) . The resulting preparations were separated by two consecutive PAGE steps in 5% gels (Flores et al., 1985) . The first, under nondenaturing conditions, was stained with ethidium bromide and the section delimited by the positions of CEVd (371 nt) and the host 7S RNA (approximately 300 nt) was cut and laid on top of the second denaturing gel. For analytical purposes, this second gel was revealed either by silver staining or by Northern-blot hybridization using a full-length PLMVd-specific radioactive riboprobe. For preparative purposes (see below), the PLMVd circular forms were eluted from the section of the second denaturing gel between the circular forms of CEVd and ASBVd. When indicated, the RNA preparations from CF11 chromatography were analyzed by dot-blot hybridization using the same type of riboprobe (Ambrós et al., 1998) .
RT-PCR amplification, cloning, and sequencing
The purified PLMVd circular forms were reverse transcribed with avian myeloblastosis virus reverse transcriptase (Gibco-BRL) and primer RF-43, 5Ј-d(CTGGATCA-CACCCCCCTCGGAACCAACCGCT)-3Ј, complementary to positions 207 to 177 of the PLMVd reference sequence, and PCR-amplified with Pfu DNA polymerase (Stratagene) and primers RF-43 and RF-44, 5Ј-d(TGTGATCCAGG-TACCGCCGTAGAAACT)-3Ј, homologous to positions 198 to 224 of the PLMVd reference sequence (Hernández and Flores, 1992; Ambrós et al., 1998) . The PCR-amplified products were separated by nondenaturing PAGE in 5% gels and the PLMVd DNA of the expected length was eluted, digested with Sau3A (primers RF-43 and RF-44 overlap a Sau3A restriction site located in a region with a relatively low variability), and cloned in the BamHI restriction site of plasmid pBSIIKSϩ (Stratagene) (Hernández and Flores, 1992) . The inserts of the resulting recombinant plasmids were automatically sequenced with an ABI Prism DNA-377 apparatus (Perkin Elmer Life Sciences). For infectivity bioassays, the monomeric PLMVd DNA inserts of certain recombinant plasmids were ligated to generate headto-tail dimers that were subsequently cloned in the same vector. The nucleotide sequences obtained in this study will appear in the EMBL, GenBank, and DDBJ Nucleotide Sequence Databases with Accession Numbers AJ550545 and AJ550898 to AJ550912.
Site-directed mutagenesis
To this purpose, a protocol (Byrappa et al., 1995) was followed with minor modifications. The recombinant plasmid (5 ng) containing the monomeric PLMVd DNA insert of variant PC-C40 was PCR-amplified with Pfu DNA polymerase and 500 ng each of the phosphorylated primers RF-319, 5Ј-d(CTTTAAGAGTTTCGTCTCATTTC)-3Ј, and RF-320, 5Ј-d(CTCAAAAGTTTCGTCGCATCTCAG)-3Ј, that flank the 12-to 13-nt insertion of variant PC-C40. The PCR products were electrophoretically separated in 1% agarose gels and those of approximately plasmid length (the divergent primers RF-319 and RF-320 allowed amplification of the complete recombinant plasmid except the fragment corresponding to the 12-to 13-nt insertion) were eluted and circularized with T4 DNA ligase. After transformation, the new plasmid insert (PC-C40⌬) was sequenced to confirm that only the expected deletion had been introduced. From this construct, the recombinant plasmid containing the corresponding head-to-tail dimeric insert was generated as indicated.
In vitro transcription
The recombinant plasmids containing the dimeric headto-tail PLMVd DNA inserts of variants PC-C28, PC-C40, and PC-C40⌬ were linearized with appropriate restriction enzymes and then transcribed with T7 or T3 RNA polymerases. The primary transcripts and their resulting selfcleavage products were analyzed by denaturing PAGE in 5% gels and used to inoculate mechanically GF-305 peach seedlings (approximately 2 g per plant) that were kept in the greenhouse (Ambrós et al., 1998) . The transcripts of the dimeric head-to-tail PLMVd DNA insert of variant gds6, which induces a characteristic mosaic (Ambrós et al., 1998) , were used as a positive control. Occasionally, when clear symptoms in the positive control were not observed approximately 6 weeks after inoculation, plants were chilled for 6 to 8 weeks at 4°C in darkness and then transferred back to the greenhouse to promote the emergence of new flushes. Infectivity of PLMVd variants was assessed by dot-blot hybridization as indicated.
Sequence analysis and RNA secondary structure prediction
Multiple sequence alignment of PLMVd variants were generated by the Clustal W program (Thompson et al., 1994) . Minor adjustments were introduced manually in the final alignment to maximize the sequence homology. The corresponding secondary structures of lowest free energy predicted for these variants were obtained with the circular version of the MFold program (Zuker et al., 1999) .
